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ABSTRACT 
 
 Focusing errors caused by sound velocity heterogeneities widen the mainlobe and elevate the sidelobes, thus 
degrading both spatial and contrast resolutions in photoacoustic imaging. We propose an adaptive array-based 
photoacoustic imaging technique that uses the Mallart-Fink (MF) focusing factor weighting to reduce the effect of such 
focusing errors. The definition of the MF focusing factor indicates that the MF focusing factor at the main lobe of the 
point-spread function is high (close to 1, without speckle noise being present, which is the case in photoacoustic 
imaging), whereas it is low at the sidelobes. Based on this property, the elevated sidelobes caused by sound velocity 
heterogeneities in the tissue can be suppressed after being multiplied by the corresponding map of the MF focusing 
factor on each imaging point; thus the focusing quality can be improved. This technique makes no assumption of 
sources of focusing errors and directly suppresses the unwanted sidelobe contributions. Numerical experiments with 
near field phase screen and displaced phase screen models were performed here to verify the proposed adaptive 
weighting technique. The effect of the signal-to-noise ratio on the MF focusing factor is also discussed. 
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1. INTRODUCTION 
 
Photoacoustic imaging is a promising hybrid bio-photonic imaging technique that detects absorbed photons 
ultrasonically through the photoacoustic effect. This technique leveraging the advantages of both ultrasound and 
optics – namely, high optical absorption contrast and sub-millimeter ultrasound resolution in deep biological tissues – 
overcomes the resolution drawback of pure optical imaging due to overwhelming light scattering in biological tissues. 
Photoacoustic imaging has been applied to subcutaneous and transcranial vascular structural imaging in small animals 
(e.g., rats and mice)1, 2, epidermal melanin measurement3 , burn imaging4, oxygenation monitoring in blood vessels2, 5, 
6
 etc. These applications are limited to relatively shallow imaging depths compared to that in clinics. Recently it has 
been reported that the achievable imaging depth of photoacsoutic imaging is ~ 38 mm7 in chicken breast tissue with 
endogenous contrast and ~ 52 mm8 with endogenous contrast agents. Such an imaging depth with sub-millimeter 
resolution enables clinical applications such as breast tumor detection9using photoacoustic imaging.  
 
Photoacoustic signals are induced as a result of transient thermo-elastic expansion when biological tissues absorb 
the pulsed laser energy. These signals are then detected by acoustic transducers and reconstructed to form images 
representative of optical absorption distribution. Currently, most rigorous reconstruction algorithms such as 
backprojection (i.e., delay and sum) and modified backprojection10 assume a constant sound velocity (i.e., the tissue is 
acoustically homogeneous) when calculating the time delays required for photoacoustic image formation. However, the 
velocity of sound in human tissues varies over a wide range. The speed of sound in the breast, for example, can vary 
from 1400 m/sec to 1550 m/sec. Therefore, the use of a constant sound velocity inevitably results in focusing errors, 
deteriorating the spatial resolution and the contrast in the reconstructed photoacoustic images. Such focusing errors have 
been studied extensively in conventional ultrasound and are known as phase aberrations, degrading the ability of breast 
cancer detection by using photoacoustic imaging11. Flax and O’Donnell proposed a correlation-based method that 
modeled sound-velocity inhomogeneities as a near-field phase screen illustrated in left panel of figure 1, which assumes 
that time-delay errors produce phase aberrations only at the surface of the transducer12. Under this assumption, the 
inhomogeneities simply produce time-delay errors that can be estimated by cross-correlating the signals from adjacent 
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channels. However, sound velocity inhomogeneities introduce not only time delay errors but also wavefront distortions. 
Thus, sound velocity inhomogeneities can further be modeled as a displaced phase screen positioned some distance 
from the transducer surface13, as illustrated in right panel of figure 1. However, its performance in conventional 
ultrasound breast imaging is still insufficient because the sound velocity variations in breast are more distributed. 
 
The arrival time and energy level vary with breast sample thickness, and the correlation length of the aberration 
profile in breast tissue also varies with age and body type14. Therefore, it can be expected that the correlation-based 
method still results in poor breast imaging. It also has been reported that wavefrom distortion is severe and sidelobes are 
high for breast tissue. Consequently, an alternative solution – adaptive sidelobe reduction techniques such as GCF 
weighting method15 are of particular interest because they do not make any assumptions regarding the origin of the 
sidelobes, and directly suppresses the unwanted sidelobe contributions. In this study, we present an adaptive array-based 
photoacoustic imaging technique that uses the Mallart-Fink focusing factor16 weighting for sidelobe suppression. This 
technique is a simplified version of the GCF weighting technique for speckle generating targets since in photoacoustic 
imaging, most signals originate from point-like absorbers such as blood vessels and no obvious speckle noises present. 
Numerical simulations with near field phase screen and displaced phase screen models were performed here to verify 
this idea. Note that throughout this study, we focus on the backward mode array-based photoacoustic imaging with 
simple delay and sum reconstruction. 
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Figure 1. Illustration of near field phase screen (left panel) and displaced phase screen (right panel) 
 
2. MATERIALS AND METHODS 
 
2.1 Mallart-Fink focusing factor 
 
The Mallart-Fink (MF) focusing factor is defined in the literature16 as the ratio of the ensemble coherent intensity 
(or energy) to the ensemble total incoherent intensity: 
∑
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where Si(t) is the proper delayed signal of channel i at time point of t, < > is the ensemble average or time average, and 
N is the number of total ultrasonic array channels. According to the definition in (1), the MF focusing factor is a real, 
nonnegative quantity rang ing from 0 to 1 indicating the degree of coherent summation among the delayed signals. The 
MF focusing factor is maximal when the received signals are identical across the array (i.e., perfectly coherent), i.e., the 
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MF focusing factor of an on-axis point absorbers without focusing errors will be close to 1. For an on-axis point 
absorber, focusing imperfections caused by sound velocity inhomogeneities reduce the intensity of coherent sum 
(numerator in Eq. (1)) because peak signals from some array elements are cancelled by trough signals from other 
elements. However, incoherent sum (denominator in Eq. (1)) is less susceptible to phase errors since squared signals are 
positive definite and thus no phase cancellation occurs. Therefore, the MF focusing factor of an ox-axis point target 
decreases with aberrations. The MF focusing factor describes the coherence of the received photoacoustic array signals 
and hence can be used as an index of focusing and image quality. In this study, the MF focusing factor is calculated 
approximately by the instant coherent and incoherent intensity of photoacoustic array signals instead of the ensemble 
ones:  
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Note that the approximated MF focusing factor is known as coherence factor15.  
 
2.2 Frequency-domain interpretation of MF focusing factor 
 
The physical meaning of MF focusing factor and the relationship of it to focusing quality can be further interpreted 
by using the Fourier spectrum of the aperture-domain data (i.e., array channel data), which are the data received at 
individual array channels after the application of focusing delay prior to beam summation. The corresponding Fourier 
spectrum can be obtained by performing a discrete Fourier transform across the array at each time (i.e., depth): 
)()(
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tPtS ki → ,                                                                       (3) 
where Pk(t) is the Fourier spectrum with spatial frequency index k and time variable t. According to Eq. (3), the 
approximated MF focusing factor in Eq. (2) can be re-written as follows: 
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Figure 2. Channel data ((a), (b),(c),(d)) and the corresponding Fourier spectrum ((e), (f), (g),(h)) of channel data over the 
array aperture. (a), (b), (c), and (d) for a point absorber with ideal receive focusing (mainlobe), steering error 
(sidelobes), near field phase screen errors, and displaced phase screen errors, respectively. 
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 Figure 2. shows the simulated channel data (top panels) and the corresponding Fourier spectrum (bottom 
panels) of the channel data over the array aperture. Figures 2(a), (b), (c) and (d) are the received channel data from a 
point absorber with ideal receive focusing (i.e., from mainlobe), steering error (i.e., from sidelobes), near field phase 
screen errors, and displaced phase screen errors, respectively. Note that the finite bandwidth of the ultrasonic array 
transducer is considered in the simulation. The dotted line in figure 2(e) indicate dc. Figure 2(e) shows that with perfect 
focusing, the spectral energy concentrates at dc while with focusing imperfection, the spectral energy will be more 
distributed. Therefore, according to Eq. (4) where the numerator is the energy of the dc component of the spectrum, and 
the denominator is the total spectral energy, the MF focusing factor will be close to 1 with perfect focusing and decrease 
with focusing imperfection; thus it can be served as an focusing quality index. 
 
2.3 MF focusing factor weighting technique 
 
From sections 2.1 and 2.2, it is known that an image point with a high value of MF focusing factor possesses good 
focusing quality, and its amplitude should be maintained, whereas the amplitude of an image point with a low MF value 
represents poor focusing quality and its amplitude should be suppressed. Hence, MF focusing factor can be served as an 
adaptive weighting factor to the amplitude of each image pixel such that the unwanted sidelobes are effectively reduced; 
thus improving the degraded photoacoustic beam quality due to phase aberrations. This idea is illustrated in figure 3. 
The MF corrected signal xcorrected(t) of x(t) at a given range can be expressed as.  
)()(MF)(corrected txttx ⋅= ,                                                             (5) 
where x(t) denotes the original amplitude of the reconstructed data, and xcorrected(t) denotes the amplitude weighted by the 
MF focusing factor. 
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Figure 3. Illustration of the MF focusing factor weighting technique. 
 
2.4 Effect of signal-to-noise ratio 
 
Noise is not taken into consideration for the MF focusing factor defined above. However, in real situations the 
signal-to-noise ratio (SNR) decreases as the imaging depth increases due to tissue and light attenuation, so the estimated 
MF focusing factor may be affected by noise. Assume that the suffered noises are additive white Gaussian noise signals. 
By using Eq. (4), the relationship between MF without noise (i.e., an infinite SNR) and the estimated MF focusing 
factor with a finite SNR (denoted by FM ′ ) can be obtained as follows: 
SNR
N
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+
+⋅
=
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MF' .                                                                      (6) 
From Eq. (6), although the estimated MF is dependent on the SNR, the real MF that needs to be used for adaptive 
weighting can still be retrieved if the SNR can be estimated.  
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3. SIMULATION RESULTS 
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Figure 4. Simulated photoacoustic sector-scan images of two point absorbers. Top panels: unaberrated, middle panels: 
phase screen at 0 mm, and bottom panels: phase screen at 10 mm. Left panels: without correction, and right panels: with 
MF focusing factor weighting. 
 
In this section, simulated photoacoustic data are used to verify the MF focusing factor weighting technique in 
compensating for the focusing errors resulting from sound-velocity inhomogeneities. Both near field and displaced 
phase screen models were employed here. The focusing errors from sound velocity inhomogeneities were introduced via 
near field phase screen displaced phase screen models were performed here to verify this idea. A 64 channel phased 
array with a center frequency of 3.5 MHz and a half-wavelength pitch were simulated. A sector scan from –10° to 10° 
was performed and Nyquist beam spacing was used. The simulation method is the same as that used by Ng et al13. The 
simulation geometry, aberration profile, and imaging depth employed here were adjusted to be close to real situations in 
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breast imaging. Two point absorbers were simulated. These two point absorbers were located at the range of 27. 5 mm 
with 5 degree separation. The phase screens were located at the depth of 0 mm and 10 mm for the cases with near field 
phase screen and displaced phase screen, respectively. The maximum simulated phase error is π/2 at 3.5 MHz (i.e., 
~71.5 ns) and the correlation length of the phase screen is 5 mm. Both values were chosen to close to the values 
measured in breast tissues14.  Dynamic receive focusing (i.e., simple delay and sum reconstruction) were employed 
here. Note that no noise was incorporated in the simulations. 
 
Figure 4 shows the simulated photoacoustic images of the two point absorbers with no phase aberration, near field 
phase screen errors, and displaced phase screen errors. The images shown in figure 4 are sector scan images prior to 
scan conversion; that is, the lateral axis is azimuth (in sinθ) and the vertical axis is the range (or depth). The image 
brightness shows the envelopes of the reconstructed photoacoustic signals. The display dynamic range is 40 dB. Left 
panels are the images without MF focusing factor weighting, and right panels are the corresponding MF-weighted 
photoacoustic images. From top to bottom show the cases with no aberrations, near field phase screen errors, and 
displaced phase screen errors, respectively. The image contrast is significantly improved with MF focusing factor 
weighting. Typically in figures 4(b) and (d), the two absorbers can be easily identified. However, for the case with 
displaced phase screen errors (i.e., figure 4(f)), although mose elevated sidelobes are suppressed, imaging artifacts still 
remain; thus confusing the differentiation of absorbers. 
 
4. SUMMARY 
 
In this study, we present an adaptive MF focusing factor weighting technique which can effectively suppress the 
elevated sidelobes caused by sound velocity inhomogeneities; thus providing better contrast, as demonstrated in our 
simulations. However, since this technique only suppresses the elevated sidelobes directly and does not correct the 
effect of focusing errors on the mainlobe signals, imaging artifacts can still remain typically for the case with displaced 
phase screen. Future works may try to incorporate the correlation based techniques with the presented weighting 
technique to further correct the focusing errors. In addition, the proposed weighting technique for backward-mode array-
based photoacoustic imaging may be extended to tomography mode. 
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